An efficient first-principles method was developed to calculate spin-transfer torques in layered system with noncollinear magnetization. The complete scattering wave function is determined by matching the wave function in the scattering region with the Bloch states in the leads. The spin-transfer torques are obtained with the aid of the scattering wave function. We applied our method to the ferromagnetic spin valve and found that the material ͑Co, Ni, and Ni 80 Fe 20 ͒ dependence of the spin-transfer torques could be well understood by the Fermi surfaces. Ni has much longer spin injection penetration length than Co. Interfacial disorder is also considered. It is found that the spin-transfer torques could be enhanced by the interfacial disorder in some system.
I. INTRODUCTION
Spin angular momentum can be transferred by the flowing electrons from one ferromagnetic ͑FM͒ material to another FM material, which is the so-called spin-transfer torques ͑STTs͒ introduced by Slonczewski 1 and Berger. 2 Those two seminal studies have shown that the dynamics of magnetization in FM material could be dominated by the spin torques carried by electric current. The excitation of coherent precession of magnetization and spin wave were predicted. The STT was soon identified in the experiments 3 by clear observation of the magnetization switching in FM spin valve, which excites great interests in experiment and theory. [4] [5] [6] [7] [8] [9] [10] [11] The theories [6] [7] [8] [9] combining the quantum treatment of the interface scattering and the Boltzmann-type treatment of the bulk scattering work reasonable well with the experiments of metallic system. However, recent experiments on the tunneling system 12 and magnetic domain wall 13 call for a full quantum treatment of the whole system and theoretical work 14 also shows that the scattering wave functions of the whole system are crucial for the prediction of decay of spin torques. Edwards et al. 10 obtained the torques of spin valve in the empirical tight-binding ͑TB͒ frame and Haney et al. 11 calculated the torques in the similar structure with nonequilibrium Green's function based on linear combination of atomic orbital basis.
Both semiclassical and quantum mechanical studies show that the STT is most significant near the nonmagnet ͑NM͉͒FM͉ interfaces in the spin valve. Up until now, only a few studies 15 have addressed the material dependence of spin torque, which could be an important issue as the spin dependent transport is greatly affected by the electronic structure in FM. 15, 16 Furthermore, previous studies focused on ideal structure without considering the disorder at the FM͉NM͉ interface, which should exist in the realistic spin valve. 17 The main aim of this paper is to formulate a method to calculate STT of a noncollinear magnetic system within the first-principles frame. Instead of writing the STT in the language of Green's function, 11, 18 we calculate the STT with the aid of the scattering wave functions of the scattering region. 19, 20 The STT 9 is formulated in the tight-binding representation. Large systems such as domain wall can be well treated in this framework. 21 We apply our formulism to the Co͉Cu͉͉FM͉͉Cu͉ spin valve system with impurity scattering at the FM͉NM͉ interfaces. Our study shows that the STT can deeply penetrate into the ferromagnetic materials for Ni, which is quite different from Co. It is also found that the average torques are enhanced in the presence of interfacial disorder in some system. This paper is organized as follows. In Sec. II, we present the details of the formalism for computing the STT in spin valve with the aid of scattering wave function in the scattering region. In Sec. III, the method is used to calculate the conductance and STT in the systems of Co͉Cu͉͉FM͉͉Cu͉͑111͒, with FM are Co, Ni, and Ni 80 Fe 20 . The effect of interfacial disorder is discussed. In Sec. IV, we summarize our results.
II. THEORETICAL MODEL
Let us focus on the spin transport and STT in the layered systems sketched in Fig. 1 . The scattering region S, which is denoted by the layer index 1 Յ I Յ N, is sandwiched by left ͑L͒ and right ͑R͒ leads. For this device, there exists perfect lattice periodicity in the X-Z plane. Particle current flows along the Y axis. In the scattering region, no periodicity is assumed along the current direction. Here, the atomic poten- tials were determined by the tight-binding linearized muffintin-orbital ͑TB-LMTO͒ surface Green's function ͑SGF͒ method. 22 To model the noncollinear system in the spin valve, the rigid potential approximation is used. In this approximation, we rotate the potential of fixed magnet in spin space to construct the relative angle between the polarization directions of fixed magnet and free magnet, which is a good approximation as the two magnets are spaced far enough by a Cu layer.
Following previous work, 19 we describe the theoretical frame for studying the STT based on wave-function matching. In Sec. II A, we review the Hamiltonian and the Korringa-Kohn-Rostoker equation for a device with noncollinear magnetization. The complete scattering wave function of the scattering region is obtained. In Secs. II B and II C, the particle current and spin current are formulated with those obtained scattering wave function expanded in TB-LMTO basis.
A. Hamiltonian equation and scattering wave function
For layered systems, atoms can always be grouped into principle layers defined as to be so thick that the interactions between layers I and I Ϯ 2 are negligible, as shown in Fig. 1 . The equation of motion for Ith principal layer can be written as
where E is always set to the Fermi energy E F for the transport problem. Here, a I is the a vector describing the amplitudes of the Ith layer in terms of the localized orbital basis ͉RL͘, where R is the site index and L can be defined by L ϵ͑l , m͒. l and m are the azimuthal and magnetic quantum numbers, respectively. = ↑ ͑↓͒ denotes that the basis is eigenstate in spin space, which is parallel ͑antiparallel͒ to spin quantization axis.
To the first order approximation of the full LMTO Hamiltonian, a short-range TB-LMTO Hamiltonian in the ␣ representation 23, 24 in the global coordinate system can be written as
where C RL ␣ and ⌬ RL ␣ are 2 ϫ 2 potential parameter matrices expanded in spin space and diagonal in the local coordinate system. The unitary rotation matrix at site R can be defined by
where R , R are the azimuth angles of the local quantization axis. Screened structure constants S RL,R Ј L Ј ␣ contain all information about the structure, which are block diagonal in the spin space,
is spin independent. The Hamiltonian of Eq. ͑2͒ yields eigenvalues corrected to first order in ͑E − E F ͒ and is exact when we set E = E F .
P RL ␣ ͑E͒ is the screened potential function matrix and contains all information about the atomic species at site R for calculating the electronic structure. It is diagonal in the local coordinate system,
͑5͒
where p RL ␣,↑͑↓͒ ϵ͑E − C RL ␣,↑͑↓͒ ͒͑⌬ RL ␣,↑͑↓͒ ͒ −1 and E is set to E F for the transport problem we considered.
The equations of motion with open boundary conditions for a device usually contain infinite number of equations. By incorporating the boundary conditions in the leads, the scattering problem can be reduced to a set of coupled linear equations with finite number of equations 19 and the scattering wave function can be found as
where S is of block tridiagonal matrix containing S I,J except that the S 0,0 and S N+1,N+1 are renormalized by the boundary condition in the leads. 19 The spin polarization direction at different sites can be incorporated by the unitary rotation U at corresponding site. The incoming state C 0 ͑+͒ should be renormalized so as to carry a unit flux. The amplitudes of layers from 0 to N + 1 solved from Eq. ͑6͒ serve for computing the particle current and spin current.
B. Particle current
Let us consider the particle current operator of a quasione-dimensional TB model for a special k ʈ vector at E = E F . The muffin-tin-orbital ͑MTO͒-basis functions ͉RL k ʈ ͘ are obtained from the Bloch sum of the particle waves,
So the density operator at R site in the mixed representation for a special k ʈ vectors can be defined by
Neglecting the electron motion inside the atomic cells, the velocity operators can be expressed by the intersite hopping 25 and will give the total current for subspace. The velocity ͑current͒ operator can be defined by
where X is the coordinate operator, which can be represented
With the aid of Eq. ͑9͒, the current operator Ĵ R Ј R k ʈ from RЈth to Rth site ͑R RЈ͒ can be written as
where
is the Hamiltonian matrix in spin space, which has relation to Eq. ͑2͒ as
The expectation value of operator Â is ͗Â ͘ϵ͗⌿͉Â ͉⌿͘. The particle current can be expressed as
͑12͒
where a RL ͑k ʈ ͒ = ͓a RL↑ ͑k ʈ ͒ , a RL↓ ͑k ʈ ͔͒ T and a RL ͑k ʈ ͒ = ͗RL k ʈ ͉ ⌿͘. a RL ͑k ʈ ͒ has the relation with C RL ͑k ʈ ͒ as follows:
The C RL ͑k ʈ ͒ can be obtained by Eq. ͑6͒ for a given k ʈ . Within the MTO formulism, the current can also be expressed with structure constants matrix as in Ref. 19 ,
͑14͒
The continuity equation of particle current at R site in the Ith principle layer reads
where the first term at the left side of Eq. ͑15͒ is the incoming current to the R site and the second term is outgoing current from this site. As shown in Fig. 2 , the current is assumed to flow from I − 1st layer to I + 1st layer. Considering the R site, the incoming current is composed of current from the sites in the I − 1st layer and the sites ahead R site ͑relative to the transport direction͒ in Ith layer. If there exist other atoms in the same plane of R ͑see Fig. 2͒ , the current from those atoms is also considered as the component of incoming current to R site. The outgoing current is composed of current to the sites in I + 1st layer and those sites behind R site in Ith layer. Note that treating the current between atoms in the same plane as the incoming current or outgoing current will not result in any physical consequence. Careful check has been carried out that the particle current conservation law can be satisfied atom by atom and layer by layer. For the scattering states, we calculated that the right side of the Eq. ͑15͒ is zero.
In the linear response regime, the particle current under a small bias V b at zero temperature can be expressed as
where the bias is given by the difference between the electrochemical potentials of the two leads as eV b = L − R and N ʈ is the number of k ʈ points in the two-dimensional ͑2D͒ Brillouin zone ͑BZ͒.
C. Spin current and spin torque
The spin current is defined similar to the particle current in Sec. II.B. Considering a quasi-one-dimensional TB mode for a special k ʈ vector, the spin density operator at site R can be defined as
where is a 2ϫ 2 Pauli spin matrix. The spin current operator generally can be defined as
Note that Ĵ is a tensor. For spin current between Rth and RЈth sites ͑R RЈ͒, we could project Ĵ along the direction vector x R,R Ј in real space as Ĵ · x R,R Ј . Then, the spin current operator Ĵ R Ј ,R ͑k ʈ ͒ from RЈth to Rth site ͑R RЈ͒ can be written as FIG. 2 . Illustration of incoming current and outgoing current for the Rth site. Assuming the particle current comes from ͑I −1͒st layer to ͑I +1͒st layer. The arrow lines denote the current related to Rth site and dotted lines denote the coupling between sites irrelevant to Rth site.
where Ĵ R Ј ,R ͑k ʈ ͒ is a vector only in spin space. For a specific state ͉⌿͘, the expectation value is
͑20͒
The STT ͗T R s ͑k ʈ ͒͘ can be defined as the difference of the incoming spin current and outgoing spin current of R site in the Ith principal layer,
where the superscript s is used to denote that the incoming state is parallel or antiparallel to the local spin quantization axis of injection lead, which is very helpful; e.g., in ferromagnet, we can distinguish the contribution to the total torques from the majority spin or minority spin. Such definition consists with those in Ref. 11 , where analytic analysis shows that for STT defined in this way equals to the exchange torques acted on the injected spin defined in Eq. ͑17͒ with only a sign difference. After summation over 2D BZ, spin torque acted on Rth atom can be expressed as
Here, L͑R͒ labels the contributions of spin-transfer torques for incoming electrons from left ͑right͒ lead. 27 The bias is given by the difference between the electrochemical potentials of the two leads as eV b = L − R .
III. SPIN-TRANSFER TORQUES IN ͦCoͦͦCuͦͦFMͦCu(111)
SPIN VALVES
A. Ordered interfaces
A spin valve of Co͉Cu͉͉FM͉͉Cu͉, as shown in Fig. 1 , is used as an example to illustrate our method. The left lead consists of semi-infinite Co with the polarization direction ͑see Fig. 1͒ . Cu spacer of 9 ML ͑monolayer͒ is located between fixed magnet Co and free magnet FM. The free magnet contains d ML, which could be Co, Ni, or Ni 80 Fe 20 in this study.
The lattice constants are assumed to be uniform in the whole spin valve with a Cu = a FM = 3.54 Å and the transport is along fcc͓111͔. With spd basis, exchange-correlation potential is calculated and parametrized by Vosko et al. 28 Our calculation yields the magnetic moments as 1.64 B / Co atom, 2.60 B / Fe atom, and 0.62 B / Ni atom.
For the calculation of transport, we used adaptive k sampling method to do integration. Figure 3͑a͒ was based on the k sampling equivalent to 8 ϫ 10 6 k points in the full BZ. Besides, we also have used homogeneous k sampling to do integration again and the convergence check is presented in Appendix.
First, we present the angular dependence of the total conductance G͑͒ of the spin valve with the free magnet to be 15 ML Co in Fig. 3͑b͒ . The monotonic decrease with increase in is consistent with the previous ab initio results. 11 Giant magnetoresistance ͑GMR͒ can be defined as GMR ϵ
G͑0°͒−G͑180°͒ G͑180°͒
100%, which is 24% in this case. With electron current flowing from the fixed magnet to the free magnet, Fig. 3͑a͒ gives the angular dependence of the total spin torques on the free magnet Co. In this work, the in-plane quantity or the out-of-plane quantity is defined based on the plane spanned by the magnetization of fixed magnet and free magnet. The line shape of our calculated torques restores that obtained in previous ab initio work 11 and that obtained in the two terminal system by the analytical work. 29 Contrasting to the analytical work 29 where the obtained in-plane torques is around 1.0ϫ 10 −16 J / A ͑maxi-mum value of angular dependence with Cu/Co interfacial parameters͒, the torques obtained in this work is around 0.2ϫ 10 −16 J / A. Such difference comes from the fact that we treated the system in the phase coherent regime while the diffusive approximation was used in the analytical work.
Under the drive of the in-plane torque, magnetization of the free magnet is going to be parallel to that of fixed magnet. Due to the breaking of time-reversal symmetry for spin current, if the direction of electron current is reversed, the in-plane torques are going to drive free magnet to be antiparallel to fixed magnet. Such phenomenon is exactly the current-induced switching of magnetization observed in spin valve. 3 
FIG. 3. ͑Color online͒ ͑a͒
The angular dependence of total spin torques on free magnet Co of Co͉͑͒Cu͑9 ML͉͉͒Co͑15 ML͉͉͒Cu͉, where the electron current flows from the fixed magnet to the free magnet. ͑b͒ The angular dependence of the total conductance of the same system.
Layer resolved spin torque
The layer resolved STT contains the information about whether the spin angular moment is absorbed near the interface or not. Figure 4 gives the comparison of the layer dependence of STT in the spin valves with three different free magnets. Here, the magnetization direction of the fixed magnet Co is set to = 90°without lost of generality. In our frame, T x corresponds to the in-plane torques and T y corresponds to the out-of-plane torque. The decay and the oscillation of the STT are greatly different among those materials we studied. When free magnet is Co, as shown in Fig. 4͑a͒ , our result almost reproduces the previous result. 10, 11 The fast decay of the STT indicated the surface atoms absorbed most of the spin angular moment as the current passes by.
However, when Ni serves as the free magnet, as shown in Fig. 4͑b͒ , the maximum torques are not on the surface atom and the decay is very slow with much longer oscillation. 29 This observation is quite different from our previous knowledge; 30 the maximum of spin-transfer torques is not near the Cu/Ni interface. The similar behavior is also found in Fig. 4͑c͒ where the free magnet is Ni 80 Fe 20 ;
31 the oscillation looks like that in Ni, but decays faster.
The layer resolved STT shown in Fig. 4 could be affected by the multiple scattering between the two interfaces with Cu. To remove multiple scattering effect on the torque, we perform the calculation for single interfaces of Cu͑90°͉͒Co͉ and Cu͑90°͉͒Ni͉, with 100% polarized electrons injected from the Cu side. Here, Cu͑90°͒ indicates the polarization direction of the injected electrons. The results are shown in Fig. 5 . For both interfaces, the maximum torques are acted on the surface atoms and the oscillation spectra in ferromagnet become smoother and clearer. Still, the oscillation behavior strongly depends on the materials. Sizable STT exists only near the Cu͉Co͉ interface, while the STT penetrates deep into the Ni for Cu͉Ni͉ interface with a period of 14 ML. Compared Fig. 4 to Fig. 5 , small effects due to the multiple scattering can be found that the position of the maximum value of in-plane torque in Fig. 4 moves away from the interface by 1-2 ML.
The magnetization in free magnet is frequently taken to be uniform during the rotation. So it is more efficient to consider the total STT of free magnet. We present the free magnet thickness dependence of the total in-plane STT in Fig. 6 . With the increase in the free magnet thickness, the final total torques in Ni and Ni 80 Fe 20 are close to each other and slightly bigger than that in Co. For Ni, the slow decay of oscillation in total in-plane STT on the free magnet is due to the similar behavior found in layer-by-layer distribution of 
Simple model for spin torques in ferromagnetic
For the layered system such as spin valve, the incoming state of the injection lead can be labeled by k ʈ in 2D BZ. Generally, these states will be coupled to the propagating states and evanescent states of another side of the injection interface. The STT can be expressed as
where first term denotes the contribution from the propagating states 9 and k ↓ − k ↑ gives the spatial precession frequency ⌬k . The contribution from the propagating states should oscillate as a function of position and will not decay, as shown in Fig. 7͑a͒ . However, the frequency could be quite different as k ʈ runs over the 2D BZ, so the final contribution will decay after summation over 2D BZ. The second term of Eq. ͑23͒, I decay ͑x͒, is the contribution from the evanescent states. As we have known that no particle current can be carried by evanescent state, however, such states do give effect on the spin current and also on the STT. Evanescent states do contribute to spin torques and should respond for the ab initio decay of the STT in the system as Co͉Cu͉͉Co͉͉Cu͉, as shown in Fig. 7͑b͒ , where the evanescent state dominates.
Two reasons could account for the decay of the STT away from the interface. ͑i͒ Vanishing of the evanescent states' contribution. For Cu͉Co͉, our calculation shows that this part of contribution is about 10% of the total torques on the first layer close to injection interface. ͑ii͒ Cancellation effect among different k ʈ in 2D BZ. 9 The material dependence of the STT could be understood based on the Fermi surface of Ni and Co. The wave vector k ͑͒ ↓͑↑͒ can be found by the projection of minority spin ͑major-ity spin͒ Fermi surface of ferromagnet along the current direction, where ͑͒ denotes the different sheets of the Fermi surface for minority spin ͑majority spin͒. In Fig. 8 , the Fermi surface for Co and Ni viewed along the ͑111͒ direction for majority and minority spins is shown. As the shape of the Fermi surface for majority spin and minority spin in Co is quite different to each other, the precession frequencies ⌬k of injected spin are rapidly varied with k ʈ running over the 2D BZ. After summation of 2D BZ, the strong cancellation is expected, as shown in Figs. 4͑a͒ and 5͑a͒ .
However, for Cu͉Ni͉, due to the similar symmetry between the wave function of the sheet = 6 of minority spin in nickel and that of Cu, the electrons pass Cu͉Ni͉ interface mainly through this channel ͑ =6͒. The precession frequency is dominated by ⌬k 66 . Similar shape of sheet =6 of minority spin and sheet = 6 of majority spin will result in amount of propagating states with similar precession frequency. After summation of those states, the cancellation could be weak and collective oscillation survives. Based on the band structure of Ni, the precession frequency ⌬k 66 is estimated to be ϳ0.75a Cu −1 , which yields the oscillations with a period T =2 / ⌬k 66 Ϸ 14.5 ML. The estimated period is in good agreement with that shown in Fig. 5͑b͒ .
With the slow decay of spin torques, Ni is the so-called weak ferromagnet with long spin decoherence length. 15 Kovalev et al. 32 studied the spin transport through weak ferromagnet. From our calculation results, we found that Cu͉Ni͉͉Cu͉ could be a good candidate to measure spin decoherence length in weak ferromagnetic material as proposed in Ref. 32 .
The above physical picture about spin torques in FM should be qualitatively applicable to the system with FM to be Ni 80 Fe 20 . For Ni 80 Fe 20 , the overall band structure resembles that of Ni, however, due to the scattering of Fe impurity atoms, the fine structure at the Fermi surface could be much more complicated than that of Ni. The dispersion of precession frequency ⌬k is large and the cancellation should be strong. As a result, the decay of spin torque is much faster than in the conventional FM, Ni, and Co. Besides, spin-orbit coupling is not included in our calculation yet. 
B. Interfacial disorder
Interfacial disorder is likely to exist in the metallic system. In this section, we discuss the effects on STT due to the interfacial disorder, which will be modeled by the substitutional alloy in this work. The potentials for Cu and FM at the interfacial layers with alloy were calculated as in Ref. 19 . In transport calculation, alloy is modeled by a 8 ϫ 8 lateral supercell where five randomly generated disorder configurations are considered to estimate the validity of our conclusion on disordered system. To give a quantitative comparison with ordered interface, the interfacial disorder is introduced by replacing the Cu layer at ordered interface with a layer of alloy Cu 1−x FM x and replacing the FM layer at ordered interface with a layer of alloy Cu x FM 1−x . In this way, the alloy is introduced without changing the total numbers of Cu and FM atoms in the system. The magnetic moment direction of FM atoms in the alloy layer is assumed to be parallel to that in the free magnet in this work.
In Fig. 9͑a͒ , the concentration x dependence of total conductance and total in-plane torque on free magnet ͑including alloy layers͒ is given for the spin valve of Co͑ = 90°͉͒Cu͉͉FM͉͉Cu͉. The total conductance decreases with increase in the concentration x, which means that the interfacial disorder will suppress electronic transport in this system. However, as shown in Fig. 9͑b͒ , the total in-plane torques acted on free magnet increase when the disorder is enhanced. The increase is around 50% for Co and 30% for Ni. In our calculation, the different disorder configurations give the maximum spreads of conductance, Ϯ2% for Co͉Cu͉ interface and Ϯ1% for Ni͉Cu͉ interface. For in-plane torque, the maximum uncertainties are Ϯ7% for Co͉Cu͉ interface and Ϯ3% for Ni͉Cu͉ interface. Such uncertainties do not affect the overall trend of concentration x dependence.
To identify the source of enhancement of the in-plane spin torques, for the system Co͑ = 90°͉͒Cu͉͉Co͉͉Cu͉ with Cu 50 Co 50 interfacial disorder, the layer dependence of spin torques is shown in Fig. 10͑a͒ . Compared to the ordered systems in Fig. 4͑a͒ , the overall line shape of layer-by-layer torques does not have substantial variation with disorder interfaces. However, compared to the torques acted on the first two layers close to the Cu spacer in the ordered system, the spin torques in the alloy layers between Co and Cu spacer are enhanced. Such enhancement is crucial as the spin torques in the interface layers dominate the total STT in Co free magnet.
The enhancement of spin torques in alloy layer could be understood as follows. Due to the mixture of nonmagnetic Cu atoms, the effective exchange field in the alloy layer is weaker than that in the pure Co layers. For the system with ordered interface, the injected spin will quickly follow the direction of exchange field within a few precessions due to the strong exchange field. However, for system with interfacial alloy, as the exchange field is effectively weakened, the injected spin will not follow the exchange field as tightly as in pure Co layers. As a result, the out-of-plane component of injected spin remains sizable in those alloy layers. As we have known, the in-plane spin torques are proportional to the out-of-plane component of injected spin. Then, the in-plane torques per magnetic atom in alloy layer are greater than in the pure Co layer.
To confirm the above picture, we also consider the spin valve with four layers of disorder. As expected, the in-plane torque is further enhanced compared to the spin valve with two layers of disorder. For weak ferromagnetic material, such as Ni, above effect might not be as strong as in Co because the torques in the interior layers of free magnet dominate, as shown in Fig. 10͑b͒ .
For the spin valve with FM is Co, the free magnet thickness d dependence of the total conductance and in-plane STT are shown in Fig. 11 , where the spin torques are obtained by the average of total torques on the free magnet over all atoms in the free magnet. Due to the quantum size effect, the conductance decays with a small oscillation and tends to be constant with increase in free magnet thickness.
IV. SUMMARY
A method was developed to calculate the transport and spin torques of the layered system with noncollinear magnetization in the linear response regime. STT in the ferromagnetic spin valves is calculated. We found that spin torque for Ni exhibits pronounced oscillation as a function of Ni thickness in Co͉Cu͉͉FM͉͉Cu͉ spin valve system. The period can be explained by the Fermi-surface properties of Ni. The contribution of evanescent states to the STT is found to be nontrivial at the NM͉FM͉ interface. Neglecting the noncollinear interfacial magnetization disorder, it is found that the torques acted on the free magnet could be greatly enhanced by the interfacial disorder in the Co͉Cu͉͉Co͉͉Cu͉ spin valve. Such enhancement could be explained by the dilution of exchange field in the interfacial alloy layer. . We are grateful to Paul Kelly for useful discussion, Ilja Turek for his TB-LMTO-SGF layer code that we used to generate self-consistent potentials, and Anton Starikov for permission to use his version of the TB-MTO code based upon sparse matrix techniques with which we can solve Eq. ͑6͒ in an efficient way.
APPENDIX: CONVERGENCE TEST
For checking the convergence of the in-plane and the outof-plane torques, we compute the torques in the system of Co͑ = 30°͉͒Cu͉͉Co͉͉Cu͉ with increasing the number of k points in the whole 2D BZ, where the k sampling is homogeneous in BZ. The results for BZ summation for ordered interface are shown in Fig. 12 . Here, torques are plotted as a function of ⌬k ʈ / A BZ , with the normalized area element per k ʈ point. The 2D BZ is divided into N elements, then ⌬k ʈ / A BZ equals to 1 / N. Low density sampling of k points is sufficient for the convergence of in-plane torque, while the convergence of out-of-plane torques can be achieved only at very dense k sampling. 18 The reason is as follows: The outof-plane torques in our paper is an exchange interaction between injected spin and local exchange field. At the corner of the 2D BZ, the out-of-plane torques could exhibit very high value with short period oscillations at some k points. For in-plane torques, the height of these hot spots is limited by the total amount of angular moment transfer. 
